In its canonical role the reverse transcriptase telomerase recovers the telomeric repeats that are lost during DNA replication. Other locations and activities have been recently described for the telomerase protein subunit TERT in mammalian cells. In the present work, using biochemistry, molecular biology, and electron microscopy techniques, we found that in the human parasite Leishmania major, TERT (and telomerase activity) shared locations between the nuclear, mitochondrial, and cytoplasmic compartments. Also, some telomerase activity and TERT protein could be found in ϳ100-nm nanovesicles. In the mitochondrial compartment, TERT appears to be mainly associated with the kinetoplast DNA. When Leishmania cells were exposed to H 2 O 2 , TERT changed its relative abundance and activity between the nuclear and mitochondrial compartments, with the majority of activity residing in the mitochondrion. Finally, overexpression of TERT in Leishmania transfected cells not only increased the parasitic cell growth rate but also increased their resistance to oxidative stress.
M
ammalian telomeres are nucleoprotein complexes with double and single DNA strand (telomeric overhang) runs of TTAGGG repeats, a chromatin organization containing methylated H3 and H4 histones, and a heavily methylated DNA, which are features of a transcriptionally repressed zone. At the ends of linear chromosomes, since DNA polymerases do not initiate DNA synthesis de novo, the new DNA synthesized over the lagging strand lacks the primer for the completion of its synthesis, leaving a gap; how to seal this gap has been named the end replication problem (1) . Most eukaryotes solve the problem using mechanisms in which the enzyme telomerase plays an important role (2). Telomerase has been described for most eukaryotic cells, and in fact, the first report of telomerase was made for the protozoan Tetrahymena (2) . The telomerase core has two components: a reverse transcriptase (TERT) protein and an RNA subunit (TER) that provides the template for copying the hexameric repeats to the telomeric overhang (2) . In addition, mammalian telomeres contain a six-protein complex called shelterin that regulates the telomerase activity and protects the chromosomal ends from nucleolytic degradation and chromosomal rearrangements (3) .
The TERT component has the typical motifs of reverse transcriptase enzymes (1, 2, A, B=, C, and E) and a telomerase-specific T-domain (4) , whereas the TER subunit has been sequenced in a large number of organisms, and the length of the RNA varies from ϳ200 to 1,300 nucleotides (nt) (5) .
Growing evidence indicates that TERT plays multiple roles in addition to its telomeric function, including (i) acting as a transcriptional modulator of the ␤-catenin signaling pathway in mice; (ii) interacting with an RNA component of mitochondrial RNA processing endoribonuclease (RMRP), creating a new activity that synthetizes RNA in a RNA-dependent manner and generating a double-stranded RNA (dsRNA) that enters into the RNA interference (RNAi) cascade; (iii) regulating apoptotic processes; and (iv) conferring cell resistance to oxidative stress. For a more detailed review, see reference 6.
In the case of unicellular organisms such as the parasitic trypanosomatid Leishmania major, the etiological agent of cutaneous leishmaniasis in the Old World, the parasite switches between two morphological and physiological forms, i.e., promastigotes, which are mobile flagellated forms 7 m long striving in the guts of a Phlebotomus fly, and ϳ2-m-diameter amastigotes with a reduced flagellum living inside the mammalian host cell. Since both forms undergo cell division, telomerase seems to be an essential activity for their survival.
Trypanosomatid telomerase activities were first reported by Cano and coworkers (7) . There have been subsequent reports for Leishmania amazonensis (8) , L. major (9) , Trypanosoma cruzi (10, 11) , and Trypanosoma brucei (7, 12) . Trypanosomatid TERT DNA sequences show identities of 51% within the Trypanosoma genus, 87% in species included in the Leishmania genus, and 33% between these two genera. Knockout experiments with T. brucei TERT have shown that null mutants suffer telomeric shortening at the slow pace of 3 to 6 bp per duplication (12) ; thus, detection on telomeric shortening is difficult to assess.
Recently the TER subunit of T. brucei was sequenced; this RNA is around 900 nucleotides long and is produced from a larger transcript that is processed by transsplicing (13) .
In a previous study, we characterized molecularly and biochemically the telomerase of L. major promastigotes (9) . During those experiments, we noted that in nuclear preparations, despite showing apparently good integrity, half of the total telomerase activity remained in the supernatant. Although this extranuclear activity may have arisen from leaking nuclei, the reports on alternative roles of telomerase in mammalian cells (14) led us to reexamine the nature of this extranuclear activity in L. major. First, we did a subcellular fractionation of L. major promastigote forms and confirmed the presence of telomerase activity in the mitochondrial and cytoplasmic fractions. Further analysis revealed that part of the activity was associated with ϳ100-nm nanovesicles (NV) excreted by the parasitic cells. Second, electron microscopic (EM) analysis combined with immunogold labeling showed the presence of telomerase in the parasite's mitochondria, mainly associated with the kinetoplast structure, and in what appear to be vesicles containing telomerase outside the cells. Further binding experiments using a recombinant L. major TERT confirmed the affinity of this protein for the mitochondrial kinetoplast DNA (kDNA).
As mentioned above, mammalian cell telomerase extratelomeric activity has been linked to oxidative stress response either protecting or damaging the mitochondrial functions (15) (16) (17) (18) (19) . To evaluate the effect of oxidative stress in L. major, parasite cells were exposed to hydrogen peroxide (H 2 O 2 ), with the finding that telomerase enzyme activity and protein localization in the mitochondrial fraction increased with a concomitant decrease in the nuclear fraction. Furthermore, we checked the effect of TERT overexpression in L. major promastigotes, observing that transformed cells had a 3-fold growth rate increase and a higher resistance to the oxidative stress than wild-type (WT) cells.
MATERIALS AND METHODS
Parasite culture. Leishmania major MHOM/JL/80/Friedlin promastigotes were maintained at 25°C in 1ϫ medium 199 with Hanks' salt (Sigma) supplemented with 10% (vol/vol) fetal bovine serum (FBS). For nanovesicle preparation, FBS was centrifuged at 120,000 ϫ g for 1 h to deplete any serum nanovesicles. For oxidative stress induction experiments, cells were incubated for 1 h at 25°C in 1ϫ medium 199 without FBS and supplemented with H 2 O 2 (10 to 25 M).
Protein preparation from subcellular fractions. The parasite population was divided in two; half (8 ϫ 10 7 cells) was used to obtain the mitochondrion-enriched fraction using a mitochondrion isolation kit for culture cells (Thermo Scientific) by following the manufacturer's instructions for achieving maximum purity and organelle integrity. The integrity of isolated mitochondria was evaluated by measuring the mitochondrial membrane potential using the fluorescent dye rhodamine 123 as described by Benaim et al. (20) . Briefly, the isolated mitochondrial pellet was resuspended in 1ϫ phosphate-buffered saline (PBS) and loaded with 20 M rhodamine 123 for 45 min at 29°C under dark conditions. Subsequently, the loaded mitochondrial suspension was collected, washed twice and resuspended in the same buffer, and then transferred into a magnetically stirred cuvette. After adding the uncoupler of mitochondrial oxidative phosphorylation FCCP (carbonilcyanide p-trifluoromehoxyphenylhydrazone; 2 M), the exit of fluorescent dye versus time (excitation wavelength, 488 nm; emission wavelength, 530 nm) was measured in a Hitachi 7000 spectrofluorimeter.
For preparation of mitochondrial protein extracts, the mitochondrionenriched fraction was lysed with 2% (wt/vol) CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} buffer prepared in 1ϫ PBS and then centrifuged at 16,000 ϫ g for 10 min, and the supernatant was recovered. The purity of the mitochondrial fraction obtained was evaluated by assaying the succinate dehydrogenase enzyme activity according to the method of Johnson et al. (21) . For this assay, we used 4.5 g of proteins from the premitochondrial pellet, mitochondrion-enriched fraction, and postmitochondrial supernatant.
The second half of the parasite's population (8 ϫ 10 7 cells) was used to prepare the nuclear and cytoplasmic fractions. Cells were processed with the NE-PER nuclear and cytoplasmic extraction reagent kit (Thermo Scientific) by following the manufacturer's instructions. The cytoplasmic fraction was recovered after spinning down most cell organelles at 16,000 ϫ g for 10 min. Cross contamination with nuclear fractions was checked by Western blotting of each cell fraction (4.5 g of proteins from the nuclear, mitochondrion-enriched, and cytoplasmic fractions) using antibodies produced against the human nuclear protein lamin B.
Telomerase activity assay. For assaying total L. major telomerase activity, we used the telomere repeat amplification protocol (TRAP) (22) , with some modifications (11) . TRAP products were separated on 12% polyacrylamide gels and were run in 1ϫ Tris-borate-EDTA (TBE) buffer at 250 V for 1.5 h. After staining with a SYBR green (Sigma) solution (diluted 1:10,000), gels were visualized on a Typhoon 9410 high-performance gel and blot imager (Amersham). Quantification of telomerase activity was done by densitometry analysis using the software ImageQuant TL (Amersham). The density of each band in the ladder of products was measured, and all the peaks' areas were integrated using the software to obtain the arbitrary units (AU).
Nanovesicle preparation. Excreted parasite nanovesicles (NV) were obtained according to the method described by Thery et al. (23) . Briefly, culture medium was cleared of larger debris and parasite cells by lowspeed centrifugation (500 ϫ g) for 30 min. The resulting supernatant was filtered through a 0.22-m filter (Sartolab 20; Sartorius), and this filtered medium was centrifuged at 100,000 ϫ g for 1 h. The resulting pellet was washed three times with 0.1 M Tris HCl (pH 7.2) using the same centrifugation conditions. For gel electrophoresis and Western blot analysis, an aliquot of the pellet was resuspended in 20 l of lysis buffer (20 mM PBS, 0.25 mM sucrose, 1 mM EDTA, 1 mM dithiothreitol [DTT]) at pH 7.4 plus Complete Mini inhibitor protease cocktail (Roche Molecular Biochemicals). After treatment for 10 min, this suspension was sonicated, adjusted to the same protein concentration, and electrophoresed using 10% SDS-PAGE. To confirm the presence of NV in our preparations, an aliquot of the pellet was resuspended in 0.1 M Tris HCl (pH 7.2) and stained with 2% (vol/vol) uranyl acetate for direct observation by transmission electron microscopy (TEM) (24) .
Western blotting. After SDS-PAGE electrophoresis, separated proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Amersham) according to the method described by Towbin et al. (25) . Electroblotting was done overnight at 4°C, and membranes were then exposed to the following primary antibodies for 1 h at room temperature (RT): (i) a polyclonal rabbit antibody produced against the L. major telomerase N-terminal domain including the GQ motif (anti-TEL-1) (see Fig.  S1 in the supplemental material) at a 1:2,000 dilution (this antibody was purified by immunoabsorption using a recombinant L. major TERT protein fragment produced in E. coli cells as previously described [9] ; anti-TEL-1 was able to immunoprecipitate a protein band with the expected molecular mass of L. major TERT [LmTERT] and with telomerase activity [see Fig. S2 in the supplemental material]), (ii) a monoclonal mouse antibody produced against human laminin B (Santa Cruz Biotechnology) tested at a 1:500 dilution (see Fig. S3A in the supplemental material), and (iii) a polyclonal mouse antibody produced against human ␣-tubulin (Santa Cruz Biotechnology) at a 1:750 dilution, used for gel loading control. Next, depending on the primary antibody's source, membranes were incubated for 1 h at RT with either horseradish peroxidase (HRP)-conjugated polyclonal goat anti-mouse immunoglobulin (Santa Cruz Biotechnology) or HRP-conjugated goat anti-rabbit immunoglobulin (Pierce), both at a 1:2,000 dilution. The HRP reaction was developed with Inmuno Cruz Western blot luminol reagent kit (Santa Cruz Biotechnology) by following the manufacturer's instructions.
DNA constructs and protein expression. The LmTERT open reading frame (ORF; LmjF36.3930) was amplified from L. major genomic DNA (gDNA) by PCR using forward primer p1F (5=-TAAGGATCCGTATGT CCGCCTCGTTTCCAT-OH-3=) and reverse primer p1R (5=-ATAACCC GGGTCAAGTCTGCGAGAGTCG-OH-3=), and then the PCR product was inserted into the BamHI and XmaI sites of the expression vector pGEX5X2 (Amersham). Recombinant LmTERT expression was done using E. coli strain BL21 pLysS by following the protocol previously described (26) . Briefly, cells transformed with recombinant plasmid (see Fig.  S4 in the supplemental material) were grown in 2ϫ YT medium (10 mg/ml of yeast extract and 16 mg/ml of tryptone) supplemented with ampicillin (100 g/ml) and chloramphenicol (30 g/ml) at 30°C with slight agitation until the culture reached an optical density at 595 nm (OD 595 ) of 0.2. At this point, IPTG (isopropyl-␤-D-1-thiogalactopyranoside; 1 mM) was added and the culture was kept at 30°C for 4 h. Later, cells were collected and resuspended in PBS supplemented with lysozyme (1 mg/ml) and 0.2% (vol/vol) Triton X-100. This mixture was kept on ice for 10 min and later centrifuged at 4,000 ϫ g for 30 min at 4°C. The supernatant and insoluble fractions were recovered and analyzed by SDS-PAGE for the presence of recombinant LmTERT. The insoluble fraction was treated with a solubilization buffer (1.5% [wt/vol] N-lauryl sarcosine, 25 mM triethanolamine, 1 mM EDTA) and later exposed to 0.5% (wt/vol) glutathione agarose bead suspension for 30 min at 4°C. Recovery of recombinant protein attached to beads was done with elution buffer (10 mM reduced glutathione, 50 mM Tris-HCl [pH 8.0]). The identity of the recombinant protein was checked with immunopurified anti-TEL-1 polyclonal antibody, revealing a unique band with the expected molecular mass of ϳ184 kDa (157 kDa of TERT and 27 kDa corresponding to the glutathione S-transferase [GST] tag) (see Fig. S4B in the supplemental material). The LmTERT ORF was also amplified by PCR using the same forward primer, p1F, and reverse primer p2R (5=-ATAATCTAGATCAA GTCTGCGAGAGTCG-OH-3=). The PCR product was first cloned into pGEM-T Easy vector (Promega), and then after digesting this plasmid with BamHI and NdeI endonucleases, the TERT fragment was inserted into the Leishmania expression vector pSP72NEO (27) digested with the same enzymes. Overexpression of the inserted LmTERT gene was driven by the intergenic region of the L. major ␣-tubulin gene (see Fig. S5 in the supplemental material). Ten to 20 g of this construct was used to transfect L. major promastigotes by electroporation by following a protocol previously described (28) . Transfectant cells were selected in 1ϫ medium 199 with Hanks' salt (Sigma) supplemented with 10% (vol/vol) FBS, adjusted to 10 g/ml of G418 (Geneticin; Gibco-BRL).
Testing oxidative stress resistance. To evaluate the effect of oxidative stress in L. major cell lines (WT cells or TERT-overexpressing [ϩTERT] cell lines), we used a modified MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay as a cell viability test (29) . MTT conversion from a yellow substrate to a blue crystal product (formazan) measures total mitochondrial dehydrogenase activity. A total of 2 ϫ 10 6 parasites in medium 199 were incubated in a 96-well plate with concentrations of H 2 O 2 ranging from 0.5 to 2.5 mM for 18 h at 25°C. Plates were centrifuged at 1,500 ϫ g for 10 min, and the parasite pellet was resuspended with 100 l of 0.5-mg/ml MTT solution and incubated for 4 h at 25°C. Later, plates were centrifuged again at 1,500 ϫ g for 10 min. Solubilization of the pelleted formazan crystals was done with 100 l of 100% (vol/vol) dimethyl sulfoxide (DMSO), and the absorbance of each sample was read at a wavelength of 595 nm using an iMARK microplate reader (Bio-Rad).
Isolation of kDNA and dot blot analysis. Isolation of kDNA from L. major cells was done by a fast method described by Shapiro et al. (30) . A total of 1 ϫ 10 8 parasites were collected and resuspended in NET-100 buffer (100 mM NaCl, 100 mM EDTA, 10 mM Tris-HCl [pH 8.0]). Proteinase K and SDS were also added to final concentrations of 0.1 mg/ml and 1% (vol/vol), respectively. This mixture was kept at 37°C for 1 h with mild agitation. The lysate was sheared through a 27-gauge needle from a 5-ml syringe barrel using hand pressure, and then it was layered onto a cushion of 20% (wt/vol) sucrose prepared in NET-100 and centrifuged at 20,000 ϫ g at 15°C for 1 h. The pelleted kDNA network was recovered and extracted twice with phenol-chloroform (24:1) and then precipitated overnight at Ϫ20°C with 2 volumes of 99% (vol/vol) 2-propanol and 1/10 volume of 3 M sodium acetate (pH 5.2). The precipitated kDNA was washed with 70% (vol/vol) ethanol and resuspended in Tris-EDTA (TE) buffer. For minicircle DNA (mcDNA) purification, kDNA was digested with EcoRI enzyme for 1 h at 37°C. Fragments were separated in preparative gels, and the minicircle bands were sliced from gel and recovered with a DNA gel extraction kit (Axygen). This procedure was repeated several times to collect enough DNA for our dot blot assays. For dot blot analysis, we fixed the DNA samples into a positively charged nylon membrane (Amersham) by UV cross-linking (1.2 ϫ 10 6 J/cm 2 for 1 min). Samples loaded were 5 to 10 g of kDNA network; 10 g of isolated mcDNA; purified total Leishmania genomic DNA (gDNA), intact and doubly digested with RsaI and HaeIII enzymes; and circular and linearized bacterial plasmid DNA. Membranes were equilibrated in 1ϫ telomerase attaching buffer (100 mM Tris-HCl [pH 8. Immunogold identification. Grids containing slices of resin-embedded cells were immersed for 10 min at RT in a solution containing 1% (wt/vol) gelatin from cold-water fish skin (Sigma-Aldrich) prepared in 1ϫ PBS, followed by a 15-min immersion in 0.02 M glycine in PBS and 45 min in 1% (wt/vol) ovalbumin prepared in 1ϫ PBS. After this blocking step, slices were covered for 90 min by 1:20 dilutions of anti-TEL-1 antibody. After this incubation, grids were immersed five times in PBS for 10 min and then incubated with 1:20 dilutions of anti-rabbit secondary antibodies labeled with 25-nm gold particles (Electron Microscope Sciences). Incubations with antibodies were done in a humid chamber at 22°C, and after the secondary antibodies' incubation, grids were washed five times with 1ϫ PBS and five times with distilled water and then contrasted with a 2% (vol/vol) uranyl acetate solution. Control grids were treated with preimmune serum as the primary antibody (see Fig. S6 in the supplemental material). EM observations were done with a Zeiss (Libra-2000) transmission microscope.
Nanovesicle negative staining and immunodetection. For immunelabeling observations, aliquots of the NV pellet were resuspended in 30 l of Tris-HCl (pH 7.3) and 5 l of this suspension was adsorbed directly onto Formvar/carbon-coated grids. After 30 min of incubation at RT, grids were washed three times for 10 min with 1ϫ PBS and then dried out at RT and fixed with 1% glutaraldehyde for 30 min. Finally, grids were washed three times with 1ϫ PBS, blocked with a solution of 0.02 M glycine prepared in 0.1 M PBS (pH 7.3) for 30 min, and blocked for 30 min with blocking buffer (0.05% Tween in PBS [pH 7.4] plus 1% nonfat milk). Grid incubation with primary and secondary antibodies labeled with Au and contrasted with 2% (vol/vol) uranyl acetate was done as described above.
RESULTS
Telomerase is present in L. major mitochondrial and cytoplasmic subcellular fractions. Nuclear and mitochondrial protein fractions from L. major promastigotes were prepared as indicated in Materials and Methods. The cytoplasmic proteins were also obtained during the preparation of the nuclear fraction. The purity and identity of these fractions were corroborated by Western blotting using an anti-human laminin B antibody (see Fig. S3A in the supplemental material) and by succinate dehydrogenase enzymatic assay for the mitochondrial fraction. Mitochondrial integrity was evaluated through a mitochondrial membrane potential assay (see Fig. S3C and D) . A Western blot analysis of these three fractions using anti-TEL-1 immunopurified antibodies revealed the presence of a protein band matching the predicted molecular mass of LmTERT of ϳ157 kDa (Fig. 1A) . Two extra bands of lower molecular mass, likely products of LmTERT degradation, were observed in the cytoplasmic fraction. Although the band intensity for the mitochondrial fraction was bigger than the one for the nuclear fraction, the estimated total amount of LmTERT in the nuclear fraction almost doubles the amount present in the mitochondrial fraction (Table 1) . The assays of telomerase activity confirmed the presence of this enzyme in the nuclear, mitochondrial, and cytoplasmic subcellular fractions of Leishmania (Fig. 1B) . This fact led us to assume that the mitochondrial fraction is enriched in telomerase protein. Trying to understand whether the presence of LmTERT in cytoplasmic fraction is transient and possibly related to a secretion mechanism, we harvested parasites in culture and recovered the supernatant, and this was further treated to obtain NV. Protein preparation from NV showed telomerase activity (Fig. 2A, lane 1) , whereas no enzyme activity was observed in the remaining supernatants ( Fig. 2A, lanes 2 and 3) . The presence of LmTERT in these NV was corroborated by Western blotting (Fig. 2B) and TEM immunochemistry analysis with anti-TEL-1 antibodies (Fig. 2C) . A control sample of NV not treated with anti-TEL-1 antibodies is also shown in Fig. 2C . H 2 O 2 treatment causes TERT redistribution. After treating the Leishmania cells with 10 or 25 M H 2 O 2 , the cell fractionation experiments were repeated. As shown in Fig. 3 , the telomerase enzyme activity increased in the mitochondrial and cytoplasmic fractions and decreased in the nuclear one at both H 2 O 2 concentrations. Next, we examined H 2 O 2 -treated cells by TEM immunochemistry analysis. To confirm the specificity of the labeling with anti-TEL-1 antibodies, we first showed that the secondary antiIgG rabbit alone did not produce any gold labeling in the cells (see Fig. S6 in the supplemental material). A second control experiment consisting of a sample of Leishmania cells with no H 2 O 2 treatment but incubated with the anti-TEL-1 antibodies and with the gold-labeled anti-rabbit antibodies showed that some gold particles were located at the nuclear periphery, some of which were in a doublets or pairs (Fig. 4A) . In the mitochondria, gold particles were mostly located at the central part of the kinetoplast, likely interacting with the very abundant minicircle DNA (31, 32) .
When Leishmania cells were treated with 10 M H 2 O 2 , we observed a 50% reduction of gold particles within the nuclei, a slight increase associated with the kinetoplast, but a higher number in the whole mitochondrial compartment (Table 2 and Fig.  4B ). At 25 M H 2 O 2 , the number of gold particles within the nuclei decreased even further, and there was little variation in the kinetoplast and a decrease in the whole mitochondrial compartment. When we examined the number of gold particles in other cell compartments and in nanovesicles, we found an increase when the H 2 O 2 concentration went from 0 to 25 M (Table 2 and Fig. 4) . Beyond 25 M H 2 O 2 , nuclear telomerase activity decreased even further and there were very few gold particles associated either with the nuclei or the mitochondria (data not shown). Experiments of binding TERT to kDNA. To answer the question of whether TERT is able to recognize naked kDNA, we isolated this DNA from promastigotes ( Fig. 5A ) and incubated it with LmTERT protein produced in E. coli cells (see Fig. S4 in the supplemental material). As shown in spots 1 and 5 in Fig. 5C , recombinant LmTERT protein strongly bound to purified kDNA in a dose-response way; it also showed binding to total gDNA in a dose-response way (spots 2 and 4) but at least three times less than the kDNA interaction, and it did not interact with 5 g of purified bacterial plasmid pGEX5X2. The mcDNA fraction liberated from the kDNA network by EcoRI digestion (Fig. 5B) showed less capacity for binding to recombinant TERT than the intact kDNA. We also evaluated interaction of LmTERT with 5 g of doubly digested gDNA (RsaI plus HaeIII) and 5 g of intact bacterial plasmid pGEM3zF or linearized with BamHI endonuclease, and we found that TERT recombinant protein did not interact with either of these samples.
TERT overexpression in Leishmania cells caused an increase in cell growth rate and resistance to H 2 O 2 . Next, to determine whether an increase in LmTERT protein quantity conferred any advantage on Leishmania cells, we transfected L. major promastigote forms with its homologous TERT gene inserted into Leishmania pSP72NEO expression vector (see Fig. S5 in the supplemental Fig. 6B and C) . ϩTERT cells also showed a slight increase in telomerase enzyme activity compared with that of WT cells (Fig.  6D) . When pSP72NEOϩTER-transfected cells were exposed to 25 M H 2 O 2 , we observed a decrease of telomerase activity and LmTERT protein quantity in the nuclear fraction and the opposite in the mitochondrial fraction, where we scored at least a 2-fold increase. Telomerase activity in cytoplasmic fraction did not show any significant variation (Fig. 7A and B) . Finally, we calculated the 50% inhibitory concentration (IC 50 ) for H 2 O 2 in pSP72NEOϩTERT-transfected and WT cells. Transfected cells displayed a higher IC 50 (1.68 Ϯ 0.03 mM) than did WT cells (1.33 Ϯ 0.07 mM) (Fig. 7C) .
DISCUSSION
Characteristics of L. major telomerase. L. major's telomerase activity was first characterized by Cano and coworkers (7) . In their work, they noticed a low processivity for this enzyme compared with their Trypanosoma brucei and Leishmania tarentolae counterparts. In a more recent work, we showed that a high activity in L. major telomerase can be obtained when the assay conditions are adjusted, including specific extension primers and heating of the nuclear extracts prior to the assay reaction (9) . The LmTERT subunit is encoded by a single gene located at chromosome 36 of this parasite (32) ; the size of its ORF corresponds to 1,451 amino acids (aa), which is larger than for the Trypanosoma brucei or Trypanosoma cruzi counterparts (approximately 1,198 aa) or the human protein (1,132 aa) . Despite this size disparity, LmTERT protein has a high level of preservation in key amino acid (see Fig. S1 in the supplemental material) residues compared with human TERT (8) . LmTERT, like TERT in other lower eukaryotes, lacks a canonical mitochondrial import signal (15) . The TER subunit of L. major has not been sequenced, but the size of this RNA in another trypanosomatids, namely, T. brucei, has been estimated as 900 nucleotides, which is within the range of the budding yeast Kluyveromyces (930 nt) and Saccharomyces cerevisiae (1,300 nt) TER (13) . Telomeric and subtelomeric organization of Leishmania. Leishmania has a unique telomeric and subtelomeric structure in which TTAGGG repeats can be found mixed with other sequences followed by long stretches of the TTAGGG repeats at the telomeric terminus (33, 34) . This atypical telomeric structure led Fu and Barker (33) to propose a telomerase-free sequence slippage mechanism for the replenishment of telomeres. Nonetheless, the report of a telomerase activity in L. major by Cano et al. (7) suggests that if such a mechanism exists, it may not be the primary source for telomere recovery in Leishmania.
Subcellular localization of L. major telomerase. The first report that telomerases can be found in the mitochondrial compartment was made by Hertzog-Santos et al. (15) , who noted an increase of TERT relocated in this compartment when cells were subjected to oxidative stress. Haendeler et al. (18) reported that when TERT was overexpressed in mouse cells, it bound exclusively to two regions of mitochondrial DNA (mtDNA) containing the coding sequences for NADH ubiquinone oxidoreductase (complex I) subunits 1 and 2 (ND1 and ND2). However, more recently, Sharma et al. (35) found a less specific binding of TERT to mtDNA including the coding regions for 12S and 16S rRNAs, ND1, -2, -4, and -5, COX I and III, tRNAs, and subunits 6 and 8 of the ATP synthase. The multiple locations for a given protein have been called "eclipsed distribution" by Regev-Rudzki and Pines (36) . In cancer cells the number of telomerase molecules has been estimated as 15 to 20 molecules per nucleus (37) , and since it is assumed that the number in the mitochondrial compartment is smaller, the observation of TERT by microscopic methods is expected to be very difficult. Nonetheless, Sharma et al. (35) estimated that under normal conditions, around 10 to 20% of all TERT molecules are present in mammalian mitochondria.
When we searched for total telomerase activity in the Leishmania mitochondrial fraction, we registered a significant activity that was half of the nuclear fraction, and the mitochondrial location was further confirmed by TEM analysis using anti-Leishmania telomerase antibodies and immunogold techniques. In a rough estimation of LmTERT particles (Table 2) , we observed twice the number of gold particles in the nuclei as in the mitochondria, suggesting that LmTERT is a normal resident of Leishmania mitochondria; this association mostly occurs with the kDNA.
Western blot experiments ( Fig. 2A) revealed that when equal amounts of protein were loaded on the PAGE-SDS gels, the protein band corresponding to the mitochondrial fractions was six times bigger than the one of the nuclear fraction, although the total protein content and total telomerase activity were higher in the nuclear fraction (Table 1) .
Binding assays using LmTERT protein expressed in E. coli cells (devoid of TER) confirmed the preference of this protein by kDNA. What TERT and the telomerase holoenzyme are doing at the mitochondria is not clear. It has been reported that in human cells TERT is able to interact with an RNA component of mitochondrial RNA processing endoribonuclease (RMRP), creating a new activity that synthetizes RNA in an RNA-dependent manner and generating a double-stranded RNA (dsRNA). This dsRNA is further processed by the RNA interference machinery (38) . A different report by Sharma et al. (35) claims that TERT associates with mitochondrial tRNAs to generate a new reverse transcriptase activity. If the interaction of LmTERT with kDNA has a physiological significance, what is its role in Leishmania mitochondria? First, Leishmania major lacks RNAi machinery; therefore, it is unlikely that LmTERT has the dsRNA synthesizing capability previously mentioned. However, we cannot rule out that this LmTERT associates with mitochondrial tRNAs to generate new DNA polymerase activities. It is important to note that the kDNA complex consists of a large disc-shaped structure containing around 10,000 interlocked minicircles and around 20 maxicircles with the characteristics of mitochondrial DNA (39, 40) . The DNA minicircles are transcribed into guide RNAs that participate in the important function of RNA editing (41) . This process completes the information encrypted in the mitochondrial mRNAs, allowing the production of essential mitochondrial proteins. To our knowledge, though, LmTERT has not been described as a component of the editosome machinery (42, 43) . Another possibility is that LmTERT may play a role in the kDNA replication, but again, it has not been found among the proteins that participate in this process (44) . A third possibility is that the LmTERT role, similar to what has been found in mouse cells by Haendeler et al. (18) , is to protect kDNA integrity against oxidative or UV stress: without the correct annealing and guiding process during mitochondrial RNA editing, the respiratory system of the parasite would fail. However, a great deal of experimental work is necessary to elucidate the role of LmTERT in Leishmania mitochondria.
Effect of oxidative stress. When Leishmania cells were treated with low doses of H 2 O 2 , there was a clear reduction of gold particles associated with the nuclei and an increase in telomerase activity in the mitochondrial compartment. This is similar to the findings reported by Amhed et al. (17) and Haendeler et al. (18) , and they may be related to protection of the mitochondrial DNA or antiapoptotic activity. Also, Sharma et al. (35) showed that a lack of TERT has a negative impact on mitochondrial function.
The presence of telomerase activity in the cytoplasm is partly due to a transient TERT protein being synthesized at the endoplasmic reticulum; however, we also detected it in 100-nm nanovesicles, some of which were found outside the Leishmania cell, and the question is whether this means that telomerase is also secreted as a stress response to protect cells from free reactive oxygen species (ROS) radicals or is just released during cell destruction caused by H 2 O 2 . In this regard, in mouse mast cells exposed to oxidative stress it has been observed, with a different kind of proteins, that NV produced in one cell can influence the response of other cells by providing recipient cells with resistance against oxidative stress (45) .
Effect of overexpression of TERT in L. major promastigote forms. So far, we have shown that oxidative stress produces an increase of LmTERT protein in the mitochondrial and cytoplasmic fractions of L. major and that it could be associated with a cell protection strategy. But does a higher level of LmTERT enhance fitness in the Leishmania cells? To answer this question, we transfected L. major cells with its homologous TERT; the transfected cells showed a 3-fold-higher growth rate and a 5-fold increase in LmTERT protein quantity. In addition, transfected cells exhibited more resistance to oxidative stress induced by H 2 O 2 than WT cells. Therefore, this evidenced that an increment of LmTERT protein helps cells to be better adapted to an in vitro growth environment even under stress conditions. This behavior has also been described for mouse embryonic stem cells, in which overexpression of TERT protein confers stress resistance and improved antioxidant defense (46) . Also, TERT overexpression promotes proliferation of resting stem cells in the skin epithelium in a noncanonical pathway (47) . Perhaps LmTERT, independently of its nuclear functions, is part of the SOS response of Leishmania. Finally, the potentially new roles of TERT in the parasite cell open new opportunities for the development of more efficient drugs to treat leishmaniasis.
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